The structural and chem ical changes taking place in th e cuticle o f the m ature larva o f Sarcophaga as it is converted into th e puparium are fu lly described. The form ation o f the hard and dark exocuticle o f th e puparium from th e outer endocuticle o f th e larva is due, as Pryor (19406) has show n, to th e action o f a phenol derived from th e blood, a polyphenol oxidase located in the inner epicuticle and present considerably before pupation being re sponsible for the rapid oxid ation o f the phenol. The blood phenol, although spontaneously oxidizable, passes unchanged through th e inner endocuticle w hich remains soft and w hite, and th is m ay be correlated w ith th e ab ility o f the inner endocuticle to reduce m eth ylen e blue.
I . I n t r o d u c t i o n
In his paper on insect chitin Campbell (1929) showed clearly that there is no relation between the hardness and the extent of chitinization of the cuticle of the cockroach Periplaneta americana, and suggested that a study of the cockroa ootheca, which does not contain chitin yet becomes brown and hard, might throw light on the nature of the hardening process which takes place in the cuticle. Later, when Pryor (1940a) examined the ootheca he found that it is composed of protein and hardened by the action of a phenol which becomes oxidized to a quinone and combines with the protein, so hardening it by a tanning process. Pryor then (19406) immediately proceeded to show that the protein of the insect cuticle is similarly hardened, the phenol being derived from the blood. The addition of incrusting substances, as suggested by Schulze (1922) and Kiihnelt (1928) , therefore plays no part in the process.
But this, though perhaps the prime cause, is not the only cause of hardening. At the time when Pryor's work was being carried out Fraenkel & Rudall (1940) were engaged on an investigation into the physical and chemical properties of the cuticle of blowfly larvae, which, as these authors state, are particularly favourable for the study of hardening and darkening, since the larval cuticle is not shed but is converted into the hard puparium. They showed that coincidentally with dark ening the larval cuticle undergoes a pronounced structural change, its chitin crystal lites becoming definitely orientated instead of being dispersed at random throughout the protein phase of the cuticle. At the same time the water content of the cuticle decreases, and the protein content becomes largely water-insoluble, so that hardness is in part at least due to the assumption of a more compact structure.
With regard to the mechanism of hardening and darkening described by Pryor (1940 a,b) a number of questions remains unanswered. For a considerable time it has been known that tyrosinase occurs in insect blood, and that darkening of the cuticle involves an enzymatic oxidation (e.g. Dewitz 1902 Dewitz , 1905 Dewitz , 1916 Dewitz , 1921 Gessard 1904; Gortner 1910 Gortner , 1911 Onslow 1916 ; Fraenkel 1935) , and after Pryor's work it seemed clear that the oxidation was that of a phenolic compound in the cuticle. But Pryor did not correlate the presence of tyrosinase in the blood with darkening of the cuticle, nor did he attempt to locate the active polyphenol oxidase reported by Bhagvat & Richter (1938) in extracts of insect cuticles. Further, pupation in blowfly larvae, on which part of Pryor's work was carried out, is induced by the liberation of a hormone (Fraenkel 1935; Burtt 1937 Burtt , 1938 , and it is desirable to know more of the relation which it seems must exist between the activity of the hormone and the hardening of the larval cuticle.
The changes taking place during puparium formation have therefore been examined in detail in Sarcophaga falculata, and this study fo tinuation of that of the larval cuticle (Dennell 1946) . Certain features of the cuticle of the mature larva, such as the presence of tyrosine and tryptophane in the outer endocuticle, and the reluctance of the inner endocuticle to stain with methylene blue, have previously been mentioned as being related to the impending hardening of the cuticle (Dennell 1946) , and in the present work a polyphenol oxidase has been located in the epicuticle, being present considerably before pupation. Although therefore the colouring of the puparium is a relatively rapid process, the transition from the larval cuticle to the puparium involves preparatory changes extending over a considerable period. As a result blowfly larvae offer material even more favourable for the study of hardening and darkening of the cuticle than is stated by Fraenkel & Rudall (1940) .
As in the study of the larval cuticle hand sections of fresh cuticles have been extensively employed for histochemical tests, and have been used in the study of the oxidase of the epicuticle and of experimental darkening of isolated cuticles. The methods used in the study of the oxidation-reduction potential of the blood will be described appropriately in the text.
A preliminary account of this work has already been given elsewhere (Dennell 1944) .
II. T h e c o n v e r s i o n o f t h e l a r v a l c u t i c l e i n t o t h e p u p a r i u m
(i) The external features of pupation The growth of the third-instar larva of Sarcophaga up to the time of pupation has already been described (Dennell 1946) . At pupation the larval cuticle is not shed, but is transformed into the barrel-shaped puparium. As described by Fraenkel (1935) and by Fraenkel & Rudall (1940) , the movements of the larva slacken and finally cease, and the body becomes shorter, broader and rounded. In this 'pupal contraction' the prominent folds of the larval cuticle largely dis appear so that the surface of the puparium becomes macroscopically smooth. It still remains white, however, and this 'white pupa' stage, lasting for only a few minutes, forms a convenient time-mark in the life history. It is noticeable that the cuticle of the white pupa is a harder and more rigid structure than that of the mature larva, although no hardening of the type described by Pryor (19406) has yet taken place. Soon the cuticle begins to darken and to harden still further, and passes from a light red-brown colour to a deep chestnut, ultimately becoming almost black.
The first sign of darkening of the cuticle, however, is seen not immediately after the pupal contraction, but actually before it. A larva 1 or 2 hr. before pupation is still sluggishly active but shows a narrow transverse reddish brown band arching dorsally between the posterior spiracles. This local darkening is perhaps due to the fact that the oenocytoids of the blood, which, as will be seen later, secrete tyrosinase, are most abundant posteriorly between the main tracheal trunks. The occurrence of darkening before as well as after the pupal contraction gives further indication that colouring of the cuticle and the muscular contraction which shapes the puparium are independent events, although both presumably induced by the liberation of the pupation hormone. The two events are separable in point of time, for Fraenkel (1935) has shown that the white pupa placed in an oxygenfree atmosphere, or having its posterior spiracles occluded, darkens only very slowly; and the reverse condition, that of darkening without contraction, is occasionally met with in abnormal but active larvae which fail to pupate. Further more, the experimental darkening of isolated cuticles or those of intact larvae which will be described later does not involve the pupal contraction.
(ii) The structure of the fully formed puparium Sections of the fully formed and hard 3-day-old puparium of Sarcophaga have been successfully cut by double-embedding in celloidin and paraffin, and also by embedding in paraffin alone and coating the surface of the block with a thin film of celloidin after each section has been cut. As already described (Dennell 1946) , diaphanol may be used to soften the puparium, but destroys its normal appearance. Hand sections have also been obtained and have been used for measurements of thickness. The following description is based on the examination of hand, paraffin, and paraffin-celloidin sections of untreated puparia.
The puparium differs from the larval cuticle in showing an amber-coloured zone, the hard and rigid exocuticle (figure 1, ex.), extending from the outer surface far into the cuticle. The exocuticle does not stain with any of the staining combina tions normally employed, but on its inner surface a layer of endocuticle (figure 1, end. 2) stains blue, as in the larval cuticle, with Mallory's triple stain, and pink with picro-indigo-carmine. At first sight no indication of the epicuticular layers of the larval cuticle is seen, the prominent red-staining layer due to the presence of the inner epicuticle being completely absent. In Mallory-stained sections the extreme inner surface of the exocuticle is red, and the outer surface of the endo cuticle a deeper blue than the remainder of this layer, and with picro-indigocarmine a narrow green-staining zone lies between exocuticle and endocuticle. The meaning of these staining reactions is not clear. Sections of cuticles taken at intervals from the white pupa stage to the fully hardened and darkened puparium show clearly the formation of the exocuticle. In a faintly coloured puparium the layers of the epicuticle are visible as in the larva, but the inner epicuticle is slightly amber-coloured and stains red with acid fuchsin only with difficulty. Later the outer portion of the outer endocuticle becomes amber-coloured and ceases to stain with aniline blue, while the inner epieuticle has entirely ceased to stain with acid fuchsin. Progressively the amber coloration extends through the outer endocuticle until this layer becomes the completely hard and dark exocuticle, but the coloration ceases abruptly at the junction of outer and inner endocuticles. Sections of older pupana show that the latter layer never becomes coloured but retains all the characteristics it showed in the larva. Fraenkel & Rudall (1940) give an illustration showing the progressive darkening of the larval cuticle of Calliphora, but they d the two layers of the endocuticle.
From the above it is seen that the epicuticle and outer endocuticle of the larva acquire a new appearance and properties, but are still represented in the puparium by the exocuticle. Hitherto the exocuticle of the insect integument seems to have been considered only as representing the hardened and darkened outer portion of the endocuticle (e.g. Wigglesworth 1933), but actually the inner epicuticle, hardened and darkened also and not readily distinguished, forms its outer surface. As already suggested (Dennell 1946) , this may be the reason why the epicuticle has been so often regarded as a single layer-the outer epicuticle only.
Critical examination of Mallory-stained sections of the fully formed puparium reveals the outer epicuticle as a thin blue line thrown into minute folds (figure 1, ep. 1), while the inner epicuticle is seen only with difficulty as an amber-coloured zone which is somewhat more translucent and uniform in appearance than the remainder of the exocuticle (figure 1, ep. 2). The outer endocuticle of the mature larva contains pore canals with chitinized contents (Dennell 1946) , and these, although largely obscured, are represented in the puparium by an irregular vertical striation of the exocuticle (figure 1).
It has already been suggested that the hard insect cuticle, like the puparium of Sarcophaga, may prove generally to possess an epicuticle of two layers. This has already been shown to be true of the hard cuticles of adult Blaps mucronata, Tenebrio molitor, T . obscurus and Dermestes vulpinus (Dennell 1946) .
The thickness of the puparium Fraenkel & Rudall (1940) have shown that the surface area of the cuticle decreases by about 36 % during the pupal contraction, and point to the fact that the shrinkage of the larval cuticle on drying amounts only to about 22 % as evidence that the more compact structure of the puparium is due to something more than loss of water. They have demonstrated that the change in orientation of the chitin crystallites which occurs in puparium formation explains the degree of contraction in length of the cuticle. No difference, however, was discovered between the thickness of the larval cuticle and that of the puparium as shown by paraffin and frozen sections.
In the present study measurements of cuticle thickness have been made on hand sections in several broods of larvae, and the puparium has consistently been found to be thinner than the larval cuticle from which it is derived. Typically the puparium when 3 days old (at 28° C) is about 100// thick, being made up of an exocuticle of about 70// and an endocuticle of about 30//. These figures contrast with the thickness of 200// or over sometimes shown by the larval cuticle, but have been confirmed on larvae ligatured before the 'critical period' (Fraenkel 1935) so that the anterior portion alone pupated. Direct observation of the change in thickness of an individual cuticle was possible in these larvae, and it was found that im mediately after the pupal contraction the cuticle of the anterior portion had shrunk to about 70 % of its former thickness, the shrinkage being due chiefly to contrac tion of the outer endocuticle. Later the inner endocuticle contracts as it loses water. exocuticle = endocuticle 1 5 6 7 8 9 10 11 12 13 14 15 days F ig u r e 2. T he changes in th ickness of th e cuticle during p u p ariu m form ation. The exocuticle (outer endocuticle of th e larva), possessing pore canals, is rep resented b y vertical shading, a n d th e e x te n t of its d ark en in g b y oblique shading. A fter th e p u p al co n tractio n th ere is no change in len g th of th e p u p a.
The changes in cuticle thickness taking place during the formation of the puparium are represented in figure 2. On the pupal contraction the outer endo cuticle, which soon begins to darken in its conversion to the exocuticle, alone length of p u p a (mm.) becomes thinner. It contracts from nearly 150 to 70y. The constancy in thickness of the inner endocuticle during this process is possibly due to the fact that endocuticle secretion may perhaps continue after puparium formation has begun. At about 1| days after pupation it was often found that the inner endocuticle, which is still in contact with the epidermis, was somewhat thicker than immediately after the pupal contraction (figure 2), suggesting that new cuticular material is still being added. If this is so it is possible to imagine that any shrinkage of the inner endocuticle on the pupal contraction may be offset by further growth of this layer. Certainly the mere fact that hardening of the cuticle has begun does not prohibit its further growth, for Kuhn & Piepho (1938) have described how growth of the endocuticle takes place after the exocuticle has begun to form in From the information given by Fraenkel & Rudall (1940) it might be expected that both layers of the endocuticle should show shrinkage when the larva contracts, since they both contain chitin crystallites which undergo change in orientation.
Some time after the white pupa stage (from the present work about 1| days) there occurs a moult which separates the puparium from the underlying tissues as a result of the formation of the pre-pupal cuticle . (Fraenkel 1938) . After the moult the endocuticle becomes considerably thinner, and shrinkage continues, although at a much diminished rate, for some days (figure 2). Fraenkel & Rudall (1940) have illustrated graphically the reduction in water content during puparium formation, and have shown that the rapid loss of water which takes place early in the process must be due to the activity of the epidermis and not to the purely physical process of evaporation. It may be assumed, therefore, that the shrinkage of the cuticle at the pupal contraction (illustrated between 5| and 6 days in figure 2 ) is due to the combined effect of reduction in water content and closer packing of the chitin crystallites, whereas the shrinkage of the endocuticle after the moult cannot be the result of the activity of the epidermis but must be due merely to contraction on drying.
(iii) The chemistry of the puparium In claiming that the hardening of the insect cuticle is due to the passage into it of a polyphenol, Pryor (19406) points to the fact that in sections of hard cuticles the amber-coloured exocuticle gives a positive argentaffin reaction which indicates the presence of an aromatic compound (Lison 1936) . Further, he succeeded in demonstrating by the ferric chloride reaction the presence of an alcohol-soluble ortho-dihydroxyphenol in extracts of hard cuticles of a number of insects. Schmalfuss, Heider & Winkelmann (1933) had already reported the presence of dihydroxyphenyl-acetic acid in the elytra of Tenebrio molitor. In the present work the argentaffin test has been applied to sections of the larval and pupal cuticles of Sarcophaga. As reported earlier (Dennell 1946) only the outer epicuticle of the larva gives a positive reaction, unlike Galliphora, in which the inner layer of the epicuticle is prematurely lightly tanned and also reacts. After the pupal contraction, however, when the puparium has begun to darken, the inner epicuticle and the whole extent of the outer endocuticle, now to be designated the exocuticle, gives an intense positive reaction. The inner endocuticle gives no reaction.
The presence of an ortho-dihydroxyphenol in the young puparium has been demonstrated by the simple application of a dilute solution of ferric chloride directly to hand sections. That part of the outer endocuticle which is not yet amber-coloured gives a brilliant green coloration which turns red on addition of sodium carbonate. The reaction is not given by the cuticle of the mature larva nor of the white pupa. It is absent also from the fully darkened and hardened exo cuticle of the old puparium. Only cuticles which are actually in process of dark ening therefore give the reaction. It is important to notice that at no time does the inner endocuticle give a positive reaction with ferric chloride.
From the above it is clear that the region giving a positive argentaffin reaction is more extensive than that giving a reaction with ferric chloride. The ferric chloride test indicates the presence of a free dihydroxyphenol, and leaves no doubt that the phenol is passed into the cuticle at the time of hardening and darkening. It accumulates only in that layer, the outer endocuticle, which is destined to form the rigid exocuticle, and it has already been shown (Dennell 1946 ) that tyrosine and tryptophane accumulate in this layer before darkening begins.
That the darkening of the cuticle is directly due to the passage into it of a phenol is shown by experiments with catechol as a substitute for the natural phenol. Hand sections of cuticles of mature larvae placed in dilute (1 %) solution of catechol darken in a manner which closely simulates the natural process. The inner epicuticle assumes a deep red-brown coloration, and from it the colour spreads inwards through the outer endocuticle. At the end of the process the exocuticle of the puparium is represented by a gradient of colour, deepest at the epicuticle, which extends across the outer endocuticle and ceases abruptly at the uncoloured inner endocuticle. Sections of partially but naturally darkened puparia complete their darkening in catechol solution, but here the process is more rapid than with the larval cuticle/ Experiments have also been carried out on larval cuticles with other aromatic substances. Benzoquinone rapidly darkens the cuticle in a fairly natural manner, but the colour develops equally rapidly in the epicuticle and outer endocuticle. Pyrogallol darkens the cuticle only slowly, taking several days, but the result is not unlike that produced by catechol and benzoquinone. Hydroquinone gives results similar to pyrogallol, but a dilute solution of phenol (carbolic acid) produces a bright yellow coloration in the inner epicuticle only. Dihydroxyphenylalanine ('dopa'), which is assumed to be responsible for the darkening on exposure to air of insect blood, rapidly causes the formation of a black melanin-like pigment in the inner epicuticle only, but tyrosine, the corresponding monophenol which occurs naturally in the outer endocuticle of the larva, produces only a slight reddish hue in the inner epicuticle and a narrow zone of reddish granules in the outer endocuticle immediately beneath it. Tryptophane, which also occurs in the larval cuticle, and which already possesses the indole grouping characteristic of melanin (see Pryde 1931), has only very little effect. Its action is slow and results only in a faint greying of the epicuticle and outer endocuticle.
In none of these experiments was the larval cuticle hardened in an entirely natural manner. It became noticeably tougher, but not rigid and brittle. Clearly the type of hardening described by Fraenkel & Rudall (1940) , dependent on or connected with the pupal contraction, plays an important part in the formation of the puparium.
Experimental darkening of sections of the larval cuticle emphasizes two striking features of the natural process, and shows that they are not conditional on external factors but are entirely dependent on the properties of the cuticle itself. These features are, first, the rapid darkening of the inner epicuticle with the following inward spread of darkening, and secondly, the entire failure of the inner endocuticle to darken. The observation that aromatic substances are most readily oxidized in the inner epicuticle suggests that the polyphenol oxidase reported in extracts of cuticles by Bhagvat & Richter (1938) may be located in this layer. Further investigations, described in the next section of this paper, have shown the validity of this suggestion, and explain why darkening of the cuticle in the natural forma tion of the puparium proceeds inwards from without although the effective phenol is supplied from within.
The presence of a polyphenol oxidase in the epicuticle and the fact that the distribution of the natural polyphenol of the cuticle is not the same as that of the substance giving a positive argentaffin reaction indicates that on hardening the polyphenol passes into the cuticle, accumulates in the outer endocuticle, and is oxidized to the ortho-quinone at the inner epicuticle. The quinone then appears to diffuse progressively into the cuticle, or perhaps, since ortho-quinones may be active agents inducing secondary oxidations (Wheldale-Onslow 1931) , oxidizes the advancing polyphenol so that a wave of quinone formation spreads inwards through the outer endocuticle. Combination of the quinone with the protein of the cuticle results in hardening by tanning in the manner described by Pryor (19406) with the production of a coloured exocuticle. But the reason why the quinone is never found in the inner endocuticle, and why the free polyphenol is found to accumulate only in the outer endocuticle although it must pass through the inner layer, remains to be explained. The behaviour of sections of fresh larval cuticles towards methyleneblue staining suggests a partial basis for the necessary explanation of the absence of the quinone from the inner layer.
In a previous paper (Dennell 1946) it was stated that in hand sections the two layers of endocuticle are readily identified from the fact that the outer stains readily with methylene blue while the inner does not, although both are equally accessible to the dye. The inner epicuticle stains heavily. A different result is obtained when a sheet of cuticle is immersed in a solution of the dye. The outer endocuticle stains only in the peripheral regions of the sheet; centrally only the y of an insect cuticle 87 inner epieuticle stains. Since the outer surface of the cuticle is largely impermeable to the dye solution owing to the presence of the thin outer lipoid epicuticle, the presence of the dye in the outer endocuticle of the peripheral but not the central part of the sheet points to its having entered by way of the cut edges of this layer.
The inner endocuticle appears in some way to prevent access of the dye to the outer endocuticle, but it is not immediately clear why the inner epicuticle stains readily over the whole surface of the sheet.
In an attempt to explain these features sheets of cuticle were tied firmly, endocuticle inwards, over the mouths of narrow tubes which were filled with methylene-blue solution, so that any dye reaching the outer layers of the cuticle necessarily passed through the inner endocuticle. In these cuticles only the inner epicuticle stained, a result which can only be explained by supposing that the methylene blue in passing through the inner endocuticle becomes reduced to its colourless leucobase. In this form it passes into the outer endocuticle, but is oxidized in the inner epicuticle with the development of a deep blue coloration.
With methylene blue, previously reduced by rongalit, hand sections of fresh larval cuticles show a deep blue inner epicuticle, a very pale blue outer endocuticle, and a colourless inner endocuticle. The addition of a dilute solution of hydrogen peroxide to these sections, or to those stained normally in methylene blue, causes an immediate blue coloration of the inner endocuticle, and demonstrates the previous presence of reduced dye in this layer. Tolylene blue is also reduced by the inner endocuticle.
Staining with Janus Green B gives further information. With a normal solution of the dye both layers of the endocuticle are stained a bluish colour in sections, but when the dye is reduced by rongalit before use the outer endocuticle is at first red and the inner colourless. Slowly, however, the outer endocuticle becomes deep purple, whereas the inner endocuticle assumes only a deep pink indicative of the presence of the dye in its reduced condition. 1 The above results indicate that while the inner epicuticle of the larval cuticle is a region of high oxidation potential, the reverse is true of the inner endocuticle which is capable of carrying out chemical reductions. The phenol responsible for the darkening of the cuticle is therefore not oxidized in passing to the outer endocuticle, and the appearance of the ortho-quinone in the inner endocuticle is prohibited. On the other hand, it is highly probable that the failure to detect the presence of a polyphenol in the inner endocuticle may be due merely to its low concentration in this layer.
An attempt to extend this study by using a range of dyes as indicators has been only partially successful, and the results will therefore not be described here. The reducing properties of the inner endocuticle are confined to the fresh cuticle, and may be destroyed by various treatments, such as the action of n HC1, boiling for some minutes, or drying and rewetting the cuticle. After these treatments, however, all layers of the cuticle stain a uniform light blue with methylene blue, so that sections present an appearance quite different from those of fresh cuticles.
(iv) The polyphenol oxidase of the epicuticle The experiments described in the foregoing section indicate that the inner epicuticle is a region where active oxidation may take place, perhaps owing to the presence there of a polyphenol oxidase similar to that reported by Bhagvat & Richter (1938) from extracts of cuticles of larvae of Odenestes, Lasiocampa and Bombyx. Using homocate'chol as a substrate these workers found that extracts of cuticles, as well as of other tissues, showed a large oxygen uptake which was to be ascribed to the presence of an active polyphenol oxidase. The inner epicuticle of the larva of Sarcophaga has therefore been further studied with the aid of the well-known 'Nadi' reagent (dimethyl-p-phenylene-diamine and a-naphthol), which is rapidly oxidized by phenol oxidases (Lison 1936) as well as by oxidized cytochrome to give a prominent blue coloration due to the formation of indophenol blue. The reagent, prepared without alkali according to Lison (1936) , has been applied to hand sections of fresh larval cuticles and puparia, and with the addition of alkali to sections of formol fixed material.
With fresh cuticles of the mature larva (crop empty) the inner epicuticle is coloured an intense blue within a few seconds, but the other layers of the cuticle remain entirely uncoloured. That the colour reaction is due to an enzymatic process is indicated by the fact that it is inhibited by previously boiling the cuticles or by treating them with 0-002m KCN at pH 7*3. On the other hand, treatment with 0-002m NaN3 at pH 7-3 does not inhibit the reaction, which is not therefore due to the presence of the cytochrome-cytochrome oxidase system (Keilin 1936) . Keilin has pointed out that cytochrome oxidase is very strongly inhibited by NaN3 at this concentration and pH, while polyphenol oxidase (from the mushroom) is much less susceptible.
With rather younger larvae the reaction is somewhat slower, and slight colora tion of the epidermis takes place. Still younger larvae, fully grown but with crops still full, give only a feeble reaction in the inner epicuticle, but the epidermis reacts strongly. The cells are packed with fine granules which give a deep blue colour with the 'Nadi' reagent. The oxidase of the inner epicuticle therefore appears to be elaborated in the epidermal cells and later passed into the epicuticle, but it must be added that no indication of its presence in the intervening layers of the cuticle has been observed. This, however, is not surprising, for it might be expected to be present in this situation only in low concentration.
The results given by the cuticle of the white pupa are in every way like those given by the late larva, but when the 'Nadi' reagent is applied to very early and therefore only faintly coloured puparia striking results are obtained. The lightly tanned epicuticle gives an immediate and strongly positive response, as it does in the mature larva, but the reaction is not inhibited by cyanide or by boiling. Fur thermore, whereas p -phenylene-diamine alone gives no coloration in the larval epicuticle, it colours the puparial epicuticle deeply. This oxidation of p-phenylenediamine bears a resemblance to the indo-reaction for 'phenol tissulaire' (Lison I936)-With older but still light brown puparia results generally similar to the above are given. The inner epicuticle becomes deeply coloured, but a blue zone appears in the outer endocuticle corresponding with its tanned outer portion. The inner region of the outer endocuticle does not become coloured, nor does the inner endocuticle. The facts that oxidation of the 'Nadi' reagent in the puparium is not inhibited by cyanide, and that p-phenylene-diamine by itself is oxidized, together with the observation of a blue coloration at the advancing inner surface of the tanned zone of the cuticle when 'Nadi' is used, suggest that the ortho-quinone responsible for the hardening and darkening of the cuticle and produced by the oxidation of a dihydroxyphenol may itself play a part in promoting oxidations in the puparium. The quinones are active oxidizing agents, and it is interesting to note that gelatine tanned with benzoquinone to simulate the insect exocuticle will oxidize the 'Nadi' reagent with the formation of indophenol blue. Just as with the exocuticle, the oxidation is not inhibited by cyanide. Further, considerable evidence has accumulated to show that ortho-quinones are often involved in oxidations catalysed by a phenol oxidase, serving to extend the range of sub strates oxidized (see Wheldale-Onslow 1931; Keilin & Mann 1938; Behm & Nelson 1944) . But it should be noted that although the oxidation of the 'Nadi' reagent is not inhibited by treatment with cyanide or by boiling, it is somewhat delayed, so that in spite of the activity of the ortho-quinone present the oxidase of the epi cuticle still plays some part in further darkening.
The 'Nadi' reagent, modified by the addition of alkali, as described by Lison (1936) has been also applied to sections of formol-fixed cuticles. A positive reaction was given by both larvae and pupae, and the results obtained closely resembled those given by the fresh cuticles, although the reaction was noticeably slower.
In further tests Loele's phenol reaction (Lison 1936) has been used, but gave entirely negative results in the larval cuticle. With the light brown pupa, however, a green zone developed beneath the advancing amber-coloured region of the exocuticle, perhaps due to the oxidation of the reagent by the quinone of this region. A violet coloration is stated to denote the presence of an oxidase. Finally, it was found that benzidine is oxidized in the inner epicuticle of the early puparium in the absence of hydrogen peroxide. Keilin & Mann (1938) note that the purified polyphenol oxidase of the mushroom may promote the oxidation of benzidine in the presence of a very small concentration of catechol (and therefore inevitably of the ortho-quinone).
Confirmation of the results described above has been given by examination of the cuticles of larvae of Calliphora erythrocephala, although o but of some significance in comparing these larvae with those of must be noted. Whereas larvae of Sarcophaga at the crop full stage give only a feeble reaction in the inner epicuticle with the 'Nadi' mixture, those of Calliphora at the corresponding stage give a much stronger reaction in this layer. The inner epicuticle of Calliphora has already been noted (Pryor 1940^ 5 Fennell 1946 give a positive argentaffin reaction indicating the presence of some aromatic substance, and the presence at this early stage of an oxidase in greater concentra tion than in Sarcophaga is to be correlated with the early tanning undergone b inner epicuticle.
The results of experiments on the darkening of sections of the cuticle of larvae and puparia may now be further considered in the light of the foregoing informa tion. The very rapid darkening of both larval and early pupal cuticles produced by benzoquinone is not inhibited by treatment with cyanide or by boiling the cuticles. The oxidase of the epicuticle is not therefore involved, nor, presumably, is the ortho-quinone of the exocuticle of the puparium, since benzo-quinone requires no oxidation in order to become effective as a hardening and darkening agent. The tanning of cuticles by benzo-quinone differs in no essential particular from the tanning of a block of gelatine. It is therefore understandable why darkening pro ceeds equally rapidly in both epicuticle and outer endocuticle. With catechol, however, which is slowly oxidized on exposure to the ortho-quinone, boiling the cuticles or treating them with cyanide greatly slows the process of darkening, but does not completely inhibit it. Untreated cuticles darken in a normal manner, the inner epicuticle being affected first, but in treated cuticles the slow darkening induced by catechol resembles the rapid darkening in benzo-quinone in that epicuticle and outer endocuticle darken together. Here darkening is clearly con ditional on the spontaneous oxidation of catechol and the formation of the neces sary ortho-quinone.
With tyrosine the full effects of the presence of the oxidase of the epicuticle, and of an ortho-quinone in the exocuticle of the puparium, are seen. Complete inhibi tion of darkening is caused by boiling or treatment with cyanide, and it is notice able that in the very early untreated light brown puparium darkening is much more intense and rapid than in the larval cuticle: again the role of the quinone present in the puparium, that of an intensifier of oxidations, is encountered. But it must be remembered that the darkening produced by tyrosine is only slight compared with that due to catechol and benzo-quinone. It is significant here to note that Behm & Nelson (1944) have shown that for tyrosinase to catalyse the oxidation of monohydric phenols it must be activated by simultaneously oxidizing an orthodihydric phenol. Similarly, it appears that for the polyphenol oxidase of the epicuticle to promote the effective oxidation of the tyrosine which occurs naturally in the outer endocuticle it must also oxidize the natural phenol with the formation of the corresponding ortho-quinone. That tyrosine in the cuticle is directly involved in the hardening process is suggested by its occurrence in the outer endocuticle (the presumptive exocuticle) but not in the inner endocuticle of the larva (Dennell 1946) , and by the observation by Trim (1941) of a decrease in the amount of tyrosine from 3-5 to 2-0 % in the cuticle of a brood of larvae on pupation. In a private communication, however, Dr G. Fraenkel and Dr K. M. Rudall state that the increase in weight of the cuticle during puparium formation agrees closely with the reduction in amount of tyrosine in the , so * that the utilization of cutieular tyrosine can only be of secondary importance, as suggested by its small amount. Trim (1941) states that on pupation there is a decrease in the total tyrosine of the whole larva from 1-70 to 0-87 %, and this further supports the view that the natural phenol responsible for hardening and darkening the cuticle results from the oxidation of the blood tyrosine. Later in this paper additional supporting evidence will be given. The part played by tryptophane is less clear. Its occurrence in the outer endocuticle of the larva, together with tyrosine (Dennell 1946) , suggests that it too may be oxidized in the presence of the quinone during the hardening process, but experimentally its effects, as previously described, are even less than those pro duced by tyrosine. Kikkiwa (1941) states, however, that the hibernating eggs of Bombyx mori, yellow-white when laid, become coloured owing to the enzymatic oxidation of tryptophane to hydroxytryptophane and ultimately to the pigment concerned.
From the fact that the oxidase of the epicuticle of shows its greatest activity towards dihydroxyphenols it is to be referred to as a polyphenol oxidase, but, as seen, its activity is not confined to these substances. Monophenols also are oxidized. Keilin & Mann (1938) have shown that the effect of purification is to make the polyphenol oxidase of the mushroom more specific towards catechol and pyrogallol, decreasing its ability to promote the oxidation of other phenols. The effect of addition of catechol to the purified enzyme is to extend its range of substrates. Lison (1936) draws a rigid distinction between tyrosinase, catalysing the oxidation not only of the monophenol tyrosine but also of dihydroxyphenols, and polyphenol oxidase, active towards dihydroxyphenols but not towards tyrosine. This dis tinction does not appear to apply rigidly in the case of the polyphenol oxidase of the larval cuticle of Sarcophaga.
No sharply defined optimum pH is shown in the activity of the cuticular oxidase as demonstrated colorimetrically. With catechol as a substrate most rapid darkening of the cuticle is produced at pH 6-8, and with tyrosine at pH 6-9. It is noticeable that with tyrosine the final coloration produced is black at the acid end of the range, and reddish at the alkaline end.
The presence of an active polyphenol oxidase in the larval epicuticle of phq,ga amply explains why darkening of the puparium is initiated in this layer and proceeds inwards, although the chromogen and oxygen consumed in the process are supplied from within. The oxidase is distributed over the whole surface of the cuticle, as v/ould be expected from the fact that darkening of the puparium proceeds uniformly. But even where the development of a pigment pattern is due to the presence of an oxidase in the cuticle, as in the elytra of Leptinotarsa, it is the enzyme that is diffuse and the chromogen localized (Gortner 1911). p h y s i o l o g y o f t h e b l o o d i n r e l a t i o n 
III. T h e

TO THE FORMATION OF THE PUPARIUM (i) The blood 'phenol
The work of Pryor (19406) , confirmed and extended by the foregoing investiga tion, points clearly to the presence of an ortho-dihydroxyphenol in the blood at the onset of pupation. In this connexion it is of importance to recall the long standing observation that, owing to melanin production, the blood of fly larvae darkens most readily just before pupation. Dewitz (1902) , to whom this observa tion is due, showed that darkening is due to tyrosinase activity, which is inhibited by cyanide but not by chloroform or ether. Gessard (1904) demonstrated that tyrosinase appears in the blood of Lucilia larvae before tyrosine is present, and that early larvae ground in chloroform do not darken in spite of the presence of tyrosinase. Only in the older larvae are tyrosinase and tyrosine present together. Later, Dewitz (1916) pointed out that tyrosinase is absent from the egg, being formed first in the early larva, and increasing in amount with growth and develop ment. After pupation has begun there is a decrease in tyrosinase activity in the blood.
It is reasonable therefore to suppose that the phenol responsible for the hardening of the puparium is produced in the blood by the oxidation of tyrosine as a result of tyrosinase activity; indeed, Pryor (19406) came to the conclusion that the blood phenol is actually dihydroxyphenyl-alanine ('dopa'), the diphenol corresponding to the mono-phenol tyrosine, which is deaminated and passes into the cuticle, perhaps as dihydroxyphenyl-acetic acid. If this supposition is correct then two enzymes, tyrosinase in the blood and the polyphenol oxidase of the cuticle, are together concerned in the hardening and darkening of the puparium, a condition recalling that found by Onslow (1916) in the development of the black markings on the wings of Pieris. Both wings and haemolymph carry factors for melanin production, since it is only when both are boiled that no darkening takes place.
But the reason why the blood of intact larvae does not darken situ is not at first sight clear, since enzyme and substrate are present together for some time before pupation. It must be supposed that tyrosinase activity is in some way inhibited until the onset of pupation, and that this inhibition is broken down when the blood is exposed with the consequent production of ' dopa ' and ultimately of melanin. Graubard (1933) , whose work will be discussed more fully later, has suggested that inhibitory agents are present in the blood of Drosophila larvae. Evidence of the existence of tyrosinase inhibition will be given later in the present work, and the nature of the inhibition considered.
If the phenol responsible for hardening the cuticle on pupation is derived from the oxidation of the blood tyrosine, then it seems that at the onset of pupation the free phenol must be present in the blood in addition to tyrosine and tyrosinase, even if in low concentration. To test this a study has been made of the darkening of exposed blood, the results of which are summarized in table 1.
Blood was obtained from larvae and pupae by cutting off a small portion of the posterior end of the body and gently squeezing one drop of blood on to a slide. Microscopic examination showed that with care no other tissues were expressed. Drops of blood obtained in this way were allowed to darken in air without further treatment, with the addition of an equal volume of distilled water, and with the addition of an equal volume of 1 % KCN solution. The slides bearing them were placed on moist blotting paper at a room temperature of about 16° C and covered by inverted Petri dishes to retard evaporation. To i l l u s t r a t e t h e d a r k e n i n g o f e x p o s e d l a r v a l b l o It will be seen from table 1 that untreated blood darkens moderately rapidly. Pupal blood develops a red coloration sooner than larval blood, but the blood of older pupae darkens less rapidly than that of younger pupae and gives a blackish instead of a red coloration. Diluted blood darkens more readily than untreated blood, but a generally similar final result is given. With cyanide, however, larval blood fails to darken, and pupal blood darkens less readily than when untreated or diluted. Again darkening is less pronounced with dark brown than with younger pupae.
Two conclusions may be drawn from these observations. First, since tyrosinase activity is precluded by treatment with cyanide, the darkening of early pupal blood which takes place after this treatment is due to the presence at this time of a spontaneously oxidizable substance possessing the catechol grouping. The darkening shown by untreated blood is in the larva due entirely to tyrosinase activity fol lowing exposure, and in the pupa not only to tyrosinase activity but in addition to the spontaneous oxidation of a dihydroxyphenol already present. Secondly, the more rapid darkening shown by diluted blood compared with untreated blood may be ascribed to a further weakening of the inhibition of tyrosinase activity additional to that produced by exposure.
As a result of the above indication of the presence of a free dihydroxyphenol in the blood at the time of hardening of the cuticle, colour tests have been applied to blood as rapidly as possible after exposure. The results obtained, while not entirely conclusive, may be regarded at least as supporting this indication.
Fontana's silver solution is very markedly reduced by pupal blood, but only slightly by larval blood. Since, however, other reducing substances such as glucose and uric acid are known to occur in insect blood, this cannot be regarded as un equivocal evidence of the presence of a dihydroxyphenol in pupal blood, although a dihydroxyphenol such as catechol reduces Fontana's solution more vigorously than does glucose or uric acid. The application of the ferric chloride test for dihydroxyphenols to drops of blood on slides was not immediately successful. It seemed possible, however, that any faint green coloration produced might be obscured by the turbidity produced by the action of the ferric chloride on the proteins of the blood. When blood was previously absorbed by 'Neosyl ', an adsorbent proprietary silica dust, however, positive results were obtained. The addition of ferric chloride produced a very faint green coloration which turned to a quite marked dull pink on addition of sodium carbonate. This result was only given by the blood of early pupae. With concentrated sulphuric acid pupal blood gave a violet-red coloration, suggestive of the presence of a catechol-like compound. Catechol itself gives a clear red coloration with sulphuric acid. Only slight traces of colour were obtained with larval blood. These tests when considered with the observations on the darkening of exposed blood strongly indicate the presence in the blood of early pupae of a dihydroxyphenol which may be assumed to be 'dopa'.
Provisionally, then, it may be supposed that in the late larva tyrosine and tyro sinase co-exist in the blood, but that the oxidation of tyrosine is inhibited by some unknown factor until the onset of pupation and the formation of the puparium. Then tyrosinase activity is released, and the oxidation of tyrosine results in the production of a dihydroxyphenol which passes into the cuticle and is responsible for hardening it. The validity of this assumption will be shown in the following sections of this paper.
(
ii) The experimental darkening of the cuticles of intact larvae
At this stage the darkening undergone by the cuticles of intact larvae immersed in methyl alcohol may be considered. Under this treatment a mature larva blackens completely overnight, and dissection shows that the blackening is con fined to the cuticle, which is seen in sections to have darkened in a manner recalling but not entirely identical with that seen in the natural process. The outer epicuticle is blackened, and sometimes a little pigment is seen in the outer endocuticle.
A study of an insect cuticle
Dr G. Fraenkel, who privately pointed out this darkening during the course of the present work, suggested that methyl alcohol might produce its effect by breaking down some inhibition which normally prevents darkening of the cuticle until pupation begins. In view of the importance of this observation in supporting the suggestions already put forward, the darkening of whole larvae has been further examined, and larvae in all stages of growth have been treated with methyl alcohol. Young larvae, about 8 mm. long, show no sign of darkening when treated, nor do 16 mm. larvae in which the crop is not yet fully distended. Fully grown larvae with full crops show only slight darkening at their anterior and posterior ends, but older larvae, in which the crop is emptying and is only about half-full, are fully blackened. Similarly, the mature larvae and white pupae are completely blackened, and pupae which have begun to darken continue to do so and become completely black. It is to be noted, however, that in no case is any contraction comparable with the pupal contraction induced by methyl alcohol. Ethyl alcohol is much less effective than methyl alcohol, and causes only very slight browning of mature larvae.
These results indicate that when the larval crop begins to empty, but not before, both tyrosine and tyrosinase are present in the blood, and the view already expressed, that tyrosinase activity before pupation is inhibited in some way, is confirmed. Methyl alcohol appears to induce premature darkening of larvae by eliminating this inhibition and allowing the production of the phenol necessary for the process. The facts that in whole larvae only the cuticle is darkened, and that isolated cuticles undergo no change, give additional support to this belief.
(iii)
The origin of the tyrosinase in the bloo In an attempt to obtain information on the occurrence and abundance of tyro sinase in the blood at different periods of development, the 'Nadi' reagent has been applied to freshly drawn larval and pupal blood. No positive reaction except feebly in the haemolymph of the early pupa was, however, obtained. This result is not surprising, for if some inhibiting factor is present also, as the previously recorded experiments suggest, then not only suppression of the oxidation of tyrosine but of indicating substances such as the 'Nadi' reagent may be expected.
With exposed blood, however, positive results were obtained. It is significant that the blood of full-grown larvae which has been allowed to stand for about 10-15 min. and has begun to darken slightly, indicating the release of tyrosinase activity, gives a moderate positive reaction in the haemolymph and a more intense reaction in certain of the haematocytes. As a logical result of the experiments on the darkening of the whole larvae, which indicate the effectiveness of methyl alcohol in liberating tyrosinase activity, the freshly drawn blood of all developmental stages has been treated on the slide with methyl alcohol before using the 'Nadi' reagent. The proteins of the blood were denatured by the alcohol, but the haematocytes which gave only a moderate reaction in exposed blood remained clearly recogniz able and now gave an immediate and intensely positive reaction.
The haematocytes which become deeply coloured blue with the 'Nadi' reagent are illustrated in figure 3 ( o e n. ). They are oval,-about [35] [36] [37] [38] [39] [40] in leng a spherical nucleus of about 15/t in diameter. Their blue coloration after treatment is due to the fact that the cytoplasm is packed with oxidase granules. The appear ance of these cells, with the exception of their larger size, suggests that they are homologous with the ' oenocytoids ' described by Wigglesworth (1933) in the blood of Rhodnius. Other haematocytes (figure 3, pr.l. and gr.l.) , which in no circumstances gave a positive 'Nadi' reaction, appear to correspond with the phago cytes, proleucocytes and granular leucocytes (Wigglesworth 1939) of insect blood generally.
A study of an insect cuticle oen. The positive 'Nadi' reaction given by the oenocytoids after treatment with methyl alcohol cannot be due to the presence of cytochrome oxidase, which is rapidly destroyed by treatment with alcohol (Keilin & Hartree 1938) . Further, it is inhibited by 0-002m KCN at pH 7-3 but not by NaN3 at the same concentra tion and pH, indicating again that it is not caused by cytochrome oxidase (Keilin 1936) . The granular leucocytes become distinctly coloured in 'Nadi' preparations, but only after some minutes. The coloration is lilac-blue and is not affected by the presence of cyanide. It contrasts sharply with the deep royal blue assumed by the oenocytoids in the absence of cyanide, and is clearly due to the absorption of indophenol blue produced by the spontaneous oxidation of the 'Nadi' reagent on exposure to air. Lison (1936) discusses the precautions to be observed in the histological use of the reagent.
In blood smears allowed to dry almost completely before fixation it is found that the oenocytoids have become brown, indicating oxidation of the blood tyrosine. The addition of dilute catechol solution to exposed blood causes the rapid develop ment of a reddish coloration in the haemolymph, while the oenocytoids become Vol. 134. B. deep brown. This effect is accelerated, as might be expected, if the blood is pre viously treated with methyl alcohol. The oenocytoids clearly seem to be centres of tyrosinase synthesis responsible for the appearance of the enzyme in the haemolymph.
No oenocytoids have been discovered in young larvae (5-6 mm.). They appear first in fully grown larvae with full crops, although not abundantly, and some give only a feeble Nadi5 reaction after methyl alcohol. In larvae approaching maturity they are more numerous, and given an intensely positive reaction after methyl alcohol, but in mature larvae with empty crops they are somewhat fewer and give a feebler reaction (table 2). They have not been identified in the white or later pupa, although tyrosinase is present in the haemolymph of these stages. It seems therefore that the tyrosinase elaborated by the oenocytoids is passed into the haemolymph, for this as well as the cells themselves darkens on exposure, and although the blood of early pupae contains no oenocytoids it darkens more readily on exposure than that of other stages (table 1). The oenocytoids, then, appear in the larva as feeding ceases, increase in number as the crop is emptied and secrete tyrosinase into the haemolymph, and then disappear before pupation. It may be noted in this connexion that Yeager (1945) discovered from his study of the haemocytes of Prodenia that the oenocyte-like cells attained a maximum late in the sixth stadium or in the prepupal stage, but were absent from or scarce in the pupa and adult.
Not only do the Oenocytoids occur freely in the haemolymph but they are found adhering to the surface of other tissues. Larvae have been dissected, flooded with methyl alcohol, washed and treated with the 'Nadi ' reagent. Only the oenocytoids and the cut surface of the cuticle give a positive reaction. If treatment with methyl alcohol is omitted, many other tissues become blue owing to the activity of cytochrome oxidase, so that even if under these conditions the oenocytoids gave a positive reaction they would be completely obscured. It is therefore convenient that the treatment which induces the oenocytoids to give a positive reaction also effectively inhibits cytochrome oxidase. In dissected larvae the oenocytoids may be recognized under the high-power dissecting microscope, and are seen to be most numerous in larvae in which the crop is being emptied, aggregated beneath the epidermis and on and between the main tracheal trunks. Elsewhere they are scattered only very sparsely. It is perhaps significant that just prior to the onset of pupation the first signs of darkening of the cuticle are seen postero-dorsally near the spiracles.
From experiments on the darkening of exposed blood and of whole larvae it is evident that tyrosine must be present in the blood during later larval life if not earlier. The results of using Morner's reagent as a specific test for the presence of tyrosine in drawn blood are shown in table 2. In young, feeding larvae the test gives negative results, but as feeding ceases a faint positive reaction is obtained. Mature larvae give a strong reaction, but in pupae of advancing age the reaction is again more feeble, presumably due to the consumption of tyrosine as hardening and darkening of the puparium take place. It may be mentioned that during the hardening of the cuticle of Lucilia larvae Evans (1932) found a diminution in the amino-acid nitrogen of the blood and an increase in the cuticular nitrogen, while Dr G. Fraenkel kindly gives me permission to state that the above indications of the presence and abundance of tyrosine in the larval and pupal blood of are in entire agreement with quantitative information in his possession. Both enzyme and substrate, then, appear simultaneously in the blood of larvae at the 'crop-full' stage, and the inability of younger larvae, from which both tyrosine and tyrosinase are lacking, to darken in methyl alcohol is abundantly explained. But in spite of the presence of enzyme and substrate the larva does not darken naturally until pupation, and all available evidence points to the presence of some tyrosinase-inhibiting agency in the blood which is effective until this time in preventing the production of the dihydroxyphenol necessary for the darkening of the puparium.
> (iv) The natural inhibition of tyrosinase activity in the mature larva
The inhibition of tyrosinase activity in insects has attracted the attention of a number of workers. Graubard (1933) found in his work on mutants of Drosophila melanogaster that tyrosinase extracts of fresh larvae showed a progressive falling off in oxygen uptake, a feature not observed when chloroform water was added to the extract, or when the insects were chloroformed before extraction. Indeed, the effect of chloroform was to cause a marked increase in the effective tyrosinase content of the extracts, pointing to the elimination of some tyrosinase-inhibiting factor or substance.
In contrast to the results produced by the addition of chloroform, Graubard found that grinding larvae and pupae with sand in the absence of chloroform enormously reduced the activity of the extract. He suggested that sand-grinding resulted in the complete liberation of the inhibitor, which he concluded is less accessible in the body than is tyrosinase. As a result of these findings, and the discovery that the amount of tyrosinase present is not related to the amount of melanin in the different mutants, Graubard stated that 'the production of melanin is not so much a question of presence or absence of enzyme or of how much of it 7-2 is present, as of how the internal environment enables the enzyme present to be involved in the reaction'. It is clear that Graubard was dealing in part at least with the blood tyrosinase concerned in puparium formation, and it is important to note his statement that the inhibiting substance preventing tyrosinase activity is present in greater amount in the larvae than in the pupae of any one race. Further, it is significant that, alternative to inhibition as a result of the presence of some substance, Graubard admits the possibility of the production of a reduction potential masking tyrosinase activity.
A suggestion that some inhibitory factor is present along with tyrosinase in mealworms and other animals has also been made by Duliere & Adant (1934) as a result of a study of the immunological action of tyrosinase.
Reducing substances such as sugars and uric acid occur plentifully in insect blood (see Wigglesworth 1939), and Atkins (1913) has shown that in plants oxidases are absent from or inactive in acid tissues or those with large amounts of reducing substances. But it appears that the reducing power of insect blood is due to some thing more than the mere presence of stable reducing substances, for Kuwana (1937) has shown that the reducing power of silkworm blood decreases spon taneously on exposure to air, and in the present work evidence pointing to the existence of some reducing factor other than uric acid or sugars has been en countered. Kuwana found that there is a natural sharp increase in the reducing power of the blood before ecdysis and pupation, and he was able to distinguish clearly between the stable reducing power of the blood and the unstable reducing power which decreases on exposure. The stable value remains more or less constant, and the reducing power due to uric acid amounts to only a small fraction of the total value, increasing after ecdysis and pupation. The fact that the decrease in reducing power of exposed blood is accompanied by melanosis was thought by Kuwana to indicate that the labile fraction is due to some phenol which undergoes a change to melanin by enzymatic action in the presence of oxygen. Kuwana's view finds some support in the work of Robinson & Nelson (1944) , who state that the phenol 'dopa', the first product of tyrosine oxidation, may act as a competitive inhibitor when ascorbic acid is present. But the supposition that a phenol acts as inhibitor does not appear to be valid for larvae, for as shown in table 1 the blood does not contain a free dihydroxyphenol at the 'crop-empty' stage, yet, as will be shown later, the reducing power of the blood is maximal at this time. Further objections to the view that a phenol constitutes the labile reducing fraction will be presented later. The reducing power of the blood seems due to conditions more complex than those envisaged by Kuwana.
In the present work the reducing power of the blood of larvae has been studied by both colorimetric and electrometric methods. Various dyes have been used as oxidation-reduction potential indicators, and the results obtained are expressed in table 3. Indicator solutions (usually 0-1 %) were added to drops of blood on a white tile immediately on exposure, and where complete reduction of the dye was effected it took place in a few minutes at a room temperature of 15-18° C. The results of the preliminary tests indicated that the value of the haemolymph of mature larvae lies in the neighbourhood of 0*120 V. Using tolylene blue, colorimetric comparison with various dilutions of stock solution of the dye suggests that approximately 70 % reduction is effected, corresponding to an oxidation-reduction potential of about 0*120 V. In using dyes as indicators of oxidation-reduction potential it was noticeable that the darkening characteristic of exposed blood was preceded by a return of colour to the system indicating a decrease in the reducing power of the blood. This is the spontaneous decrease noted by Kuwana (1937) . Further, treatment of the system with methyl alcohol (which it will be remembered causes the darkening of intact mature larvae and induces the oenocytoids to give a positive 'Nadi' reac tion) causes almost instantaneous return of the full colour of the dye followed by rapid darkening of the blood. Previous inhibition of the blood tyrosinase with cyanide somewhat accelerates discharge of colour of suitable indicator solutions, but previously heating the blood to 60° C retards or completely prevents reduction of the indicator.
A study of an insect cuticle
The possibility that the reducing power of the blood is due to the accumulation in it of a phenol as pupation approaches has already been rejected, since exposed blood of mature larvae does not darken in the presence of cyanide (table 1) . Pryor (19406) has suggested that the naturally occurring phenol of the blood is 'dopa', but neither ' dopa ' nor catechol is capable of reducing tolylene blue, and it seems improbable that any other phenol likely to occur in the blood would be capable of producing the low potential actually noted. The pH of the blood, estimated by using the B.D.H. Universal indicator and comparing the colour produced with those obtained with a range of buffer solutions, is approximately 6*7 (the probability of salt and protein error must, however, be admitted). Hewitt (I937) quotes the El value of catechol at pH 6*08 as + 0*427 Y, and at pH 7*66 as + 0*333 Y, while at pH 1*3 catechol and 'dopa' show values of + 0*792 and + 0*800 V respectively. The inability of solutions of these substances to reduce tolylene blue, as does the blood, is therefore clearly explained.
Although no free phenol is present in the blood of mature larvae before pupation, the presence of other reducing substances such as glucose and uric acid is in dicated by various tests. Fehling's and Molisch's tests, and the use of Benedict's uric acid reagent give positive results. But neither glucose nor uric acid in cold or hot solution will reduce tolylene blue, although a hot solution of glucose will reduce the dye on the addition of sodium carbonate. The presence of glucose and uric acid accounts neither for the instability of the reducing power of the blood nor the low level of potential attained.
It is now known that the oxidation of tyrosine in various organisms may be inhibited by the presence of ascorbic acid (Abderhalden 1934; Wachholder 1942; Robinson & Nelson 1944; Lea 1945) . Nelson & Dawson (1944) state that the ascorbic acid functions only as a reductant, and does not inhibit the enzyme action. The possibility that this substance is responsible for tyrosinase inhibition in the mature larva of Sarcophaga must be examined. Ascorbic a tolylene blue, having an oxidation-reduction potential quoted by Hewitt (i937) as V' at pH 7-0) somewhat lower than that of the blood. Further, its known instability might perhaps be expected to explain the spontaneous decrease in reducing power of the blood on exposure. And since ascorbic acid may be oxidized by ascorbic acid oxidase, but, on the other hand, protected against oxida tion by some heat-labile substance (Wachholder 1942) , it is readily possible to picture the existence in the blood of a complex balanced system in which tyrosinase activity is checked by ascorbic acid. A slight diminution in the protective labile substance in such a system would readily lead to destruction of ascorbic acid and release of tyrosinase activity. The possibility that ascorbic acid may be oxidized by tyrosinase (Keilin & Mann 1938) , although denied by Nelson & Dawson (1944) , would be likely to accelerate the release of tyrosinase activity.
Examination of the blood of mature larvae, however, has not revealed the presence of ascorbic acid. Blood adsorbed by 'Neosyl' does not develop a lilac coloration when cacotheline is added in the presence of HC1, whereas a 0*005 % solution of ascorbic acid gives a definitely perceptible coloration under the same conditions. But it must be remembered that only traces of ascorbic acid may be necessary for the inhibition of tyrosinase.
The preceding investigations leave no doubt that tyrosinase activity in mature larvae is prevented by the low level of oxidation-reduction potential obtaining in the blood, but throw no light on the cause of this low potential.
I t is noteworthy, however, that in addition to methyl alcohol other substances and treatments cause premature darkening of the cuticle of intact mature larvae, presumably by releasing tyrosinase activity as a result of increasing the potential of the*blood. Chloroform and acetone are almost as effective as methyl alcohol, but ethyl and benzyl alcohol are less effective. Solutions of urethane, phenyl urethane, and vanillin cause darkening, but perhaps owing to poor penetration of the cuticle their action is slow. A solution of the dye brilliant green is also slowly effective, as is mercuric chloride, but the action of mercuric chloride is greatly accelerated by the addition of acetic acid. Larvae immersed for many days in water alone as a control show no signs of darkening. Lastly, larvae heated to 56° C for 1-2 hr. undergo darkening of the cuticle.
Experiments on the effect of these treatments in accelerating the darkening of exposed blood gave inconclusive results, probably because in some cases at least their action is slow compared with the spontaneous decrease in reducing power which takes place in any event on exposure.
The behaviour of these varied treatments in causing darkening of whole larvae suggests two possibilities. First, the treatments strongly recall those known to be effective in inhibiting the activity of dehydrogenases. In general dehydrogenases may be inhibited by narcotics, traces of some heavy metals, and by certain dyes. They are unaffected by cyanide, and are more heat-labile than are the oxidases. Indulging in speculation it seems possible to imagine that the reducing power of the haemolymph may involve the activity of a dehydrogenase system, and that the experimental darkening of whole larvae results from the inhibition or destruction of this system with consequent rise in oxidation-reduction potential and release of tyrosinase activity.
Secondly, however, and alternatively, the treatments which cause darkening are very similar to those found by Bodine and his collaborators (see Needham (1942) for references and review) to be effective in activating the enzyme precursor protyrosinase in the eggs of the grasshopper differentialis and other Orthoptera. A naturally occurring lipidic activator, for which sodium oleate may be experimentally substituted has been identified in the egg. Heat, acetone, urea and urethane are also effective in activating pro tyrosinase. More lately Allen, Otis & Bodine (1942) report that protyrosinase is unstable at high pH, being converted to tyrosinase above pH 9-3, and (1943) that mechanical shaking results in the activation of pro tyrosinase. Bodine & Tahmisian (1943) showed the effect of heavy metals in activating and in higher concentration in injuring protyrosinase, and Bodine, Tahmisian & Hill (1943) showed that protyrosinase is activated at temperatures higher than 55° C. As Needham (1942) points out, the treatments activating pro tyrosinase are those capable of denaturing proteins. The extensive work of Bodine and his collaborators makes it possible to suggest that protyrosinase may occur in the haemolymph of Sarcophaga larvae, by various treatments or undergo natural activation before pupation. It does not explain, however, the cause of the reducing power of the blood.
Further work on the larval haemolymph is clearly desirable, but it may be significant that in the present work sodium oleate has not been found to cause darkening of intact larvae nor to raise the oxidation-reduction potential level of the blood, as does methyl alcohol.
It was noticed in making the foregoing observations that the reducing power of the blood was greater in mature than in younger larvae. This, of course, is in accordance with the fact that tyrosine and tyrosinase accumulate in the blood as pupation is approached, and the belief that tyrosinase activity is prevented by the reducing power of the blood. In order to follow the changes taking place as the larva matures, and to confirm the results obtained by the use of indicators, the blood has been studied potentiometrically. The method employed was based on the account given by Hewitt (1937) , but owing to the small volume of haemolymph obtainable the experimental cell consisted of a 20 mm. length of 3 mm. glass tubing, into the closed end of which was sealed an inert electrode of platinum wire coiled into a helix. With the electrode in position the cell had a capacity of approximately 0-125 ml. After filling with blood carefully squeezed from a larva the experimental cell was connected to the standard half-cell, a 3-5n KC1 calomel electrode, by a salt bridge consisting of a linen thread soaked in saturated KC1 solution. The e.m.f. of the completed cell was balanced, by means of an 80,0 Cambridge moving-coil galvanometer used as a null-point instrument, against the potential gradient of a potentiometer through which current was passed from a large capacity accumulator. The potentiometer was previously calibrated against a standard Weston cell, and the calibration was checked at frequent intervals. In making observations it was found that one precaution was necessary. On repeating observations on any one sample it was discovered that on standing in the experimental cell the blood showed a steady drift of potential, reaching a level as low as + 0-05 V after some hours. Under these conditions melanosis of the exposed surface took place, but the bulk of the blood in contact with the electrode underwent no visible change. Determinations were therefore made as rapidly as possible after withdrawal of blood from the larva. The electrode potential values illustrated in figure 4 are average figures obtained from observations made at 12 hr. intervals through later larval life, and checked on larvae at corresponding stages of growth from different broods. Observations were made on five larvae of each stage from the same brood, and no marked discrepancies were encountered between the larvae of different broods.
It will be observed that the blood shows a potential of approximately + 0-300 V in the feeding larva at 2 | days, but by the time the ' crop-full ' stage is reached the potential has begun to fall. It continues to fall steadily to a minimum value of + 0-126 V determined immediately on exposure, a figure agreeing well with the results of colorimetric determinations on mature larvae. Thereafter, but still before pupation, the potential rises suddenly to + 0-328 V. The period of time occupied by this rapid rise has not been accurately determined, but after it the larvae show the first signs of puparium formation in the slight darkening of the cuticle which appears above the posterior spiracles. It is clear that the increase in reducing power of the blood, as indicated by the steady fall in potential from the ' crop-full ' stage onwards, runs parallel with the appearance in the blood of tyrosine and tyrosinase (see table 2 ). The addition of methyl alcohol to the blood of the mature larva before the natural rise in potential described above not only induces rapid darkening but causes an immediate rise in potential to the same level as is later reached naturally. It is therefore reasonable to suppose that the fall in potential prevents the oxidation of tyrosine until shortly before pupation, when under natural conditions the potential for some reason rises to a new and higher level which allows of tyrosinase oxidation.
It is of interest that a saturated solution of tyrosine in buffer solution of the same pH as that of the blood showed an electrode potential of + 0-314 V. If, under the conditions obtaining in the blood, tyrosine has the same potential, its oxidation will become possible only shortly before pupation when the blood potential rises. 'Dopa', the primary oxidation product of tyrosine, is clearly not oxidized in the blood, however, but passes through the epidermis with or without deamina tion to be oxidized in the cuticle.
(v) The role of the pupation hormone in puparium formation As is now well known, the onset of pupation in cyclorraphous larvae is governed by the liberation of a non-specific hormone from a ring-shaped gland, Weismann's ring, which encircles the aorta above and between the lobes of the brain (Fraenkel 1935; Bodenstein 1936; Burtt 1937 Burtt , 1938 Hadorn 1937 Epsteins 1937 Bach 1939; Becker & Plagge 1939) , Fraenkel (1935) showed that at 20° C the hormone is liberated about 16 hr. before pupation, and later Becker & Plagge (1939) found that liberation took place 8-14 hr. before pupation at 25° C. The period of liberation has been referred to as the 'critical period'. In Musca domestica it occurs, at 27° C, about 20 hr. before pupation (Bach 1939) .
. By means of ligaturing experiments with
Galliphora e r y t h r o c e p h a l a
Since the external indications of pupation are the pupal contraction and the hardening and darkening of the larval cuticle it was naturally of interest to discover whether, as seemed highly probable, the rise in oxidation-reduction poten tial of the blood before pupation coincides with the liberation of the pupation hormone. By ligaturing larvae behind the brain at intervals from the 'crop-full' stage up to pupation the critical period, after which ligatured larvae pupate at both ends, was found to occur 4-8 hr. before pupation at 28° C. At this period the crop is completely empty, but no slight darkening of the cuticle is apparent above the posterior spiracles. Larvae about 2 hr. before pupation show this darkening clearly.
The observation that the critical period in larvae occurs 4 hr. or more before pupation is in good agreement with the time of occurrence of the sharp rise in potential of the blood before pupation, and suggests that the rise in potential may be induced by the liberation of the pupation hormone. Observations on the electrode potential of the blood of larvae ligatured before the critical period support this view. The anterior ends of these larvae pupate and undergo normal hardening and darkening as a result of the liberation of the hormone, and after hardening of the cuticle the blood of the anterior ends consistently showed a potential of between + 0-240 and 0-250 V. The blood of the unpupated posterior halves, free from hormone, showed the low potential of + 0-150 V characteristic of normal larvae before the critical period.
I t may be postulated, then, that the pupation hormone has an effect on the blood which may be simulated by methyl alcohol and other substances which cause darkening of mature intact larvae. Whether this effect involves the inhibition of a dehydrogenase responsible for the production of the low blood potential remains open to further investigation.
With regard to the nature of the pupation hormone, Becker & Plagge (1939) have extracted from larvae of Calliphora at the critical period a substance effective in causing pupation when injected into larvae before the critical period. The sub stance was soluble in water, alcohol, butyl alcohol, and ethyl acetate, but not in lipoid solvents such as chloroform or petrol ether. It therefore does not appear to resemble the lipidic activator of protyrosinase described by Bodine and his collaborators (see p. 103). The evidence available from the present work points to an entirely different method of control of tyrosinase activity in blowfly larvae, in which the liberation of the pupation hormone in some way raises the oxidationreduction potential of the blood and so allows of the oxidation of tyrosine, and is inconsistent with the view expressed by Dewitz (1916) that the blood tyrosinase itself is the cause of metamorphosis.
IV. D i s c u s s i o n
In an earlier paper (Dennell 1946) the suggestion was made that the pore canals of the larval cuticle of Sarcophaga might be concerned with the secretion of the epicuticle. Alternatively, or perhaps merely additionally, Wigglesworth (1938 Wigglesworth ( , 1939 has suggested that a possible function of these canals in insects generally may be the transport of an oxidizing enzyme through the cuticle in the process of darkening. The chromogen, he supposes, is previously localized in the cuticle. It is certainly true that in Sarcophaga the phenol-oxidase of the epicuticle is elabor ated by the cells of the epidermis and passed into the inner epicuticle, but this takes place considerably before darkening begins; while the phenol is not pre viously localized in the cuticle but reaches it only at the time of darkening.
Differing from Wigglesworth, Pryor (19406) inclines to the view that both the protein and the phenol, which are together concerned in darkening and hardening, are carried into the cuticle by way of the canals. But it is now clear that only the phenol is passed through the cuticle, for the protein is a fundamental constituent of the cuticle. Whatever the condition in other insects, however, it does not appear that in the mature larva of Sarcophaga the pore canals are to b tive transport channels, for long before the onset of pupation they are blocked by filaments of chitin (Dennell 1946) . It is true that there may remain a slight annular space between canal and contents which might form a channel for the passage of materials, but in looking to the pore canals to provide a pathway by which substances may traverse the cuticle a further objection must be remembered. The canals are situated only in the outer layer of the endocuticle, which becomes cut off from the epidermis by an inner layer of endocuticle which has no canals. Since the canals cannot account for the passage of materials in solution through the inner layer it is by no means essential to call them in to explain transport through the outer layer.
In the present work no indication that the pore canals of Sarcophaga larvae function as conducting channels during the formation of the puparium has been encountered. The tests for proteins and phenols gave no stronger reaction in them than elsewhere, and the 'Nadi5 reagent, although revealing the presence of an oxidase in the epidermis and epicuticle, gave no results indicating how the oxidase passes to the epicuticle. But before drawing conclusions with regard to the func tions of pore canals generally further information from other insects is clearly desirable.
Mention must be made in this discussion of work by Danneel (1943) on melanin formation in mutants of Drosophila melanogaster. Danneel, as a result of numerous experiments on the influence of pH and temperature on the activity of extracts of ground whole pupae towards various substrates, came to the conclusion that he was dealing not simply with tyrosfhase from the blood, but with a 'tyrosinase complex'. He recognized in this complex a monophenolase, catalysing the pro duction of 'dopa' from tyrosine, a diphenol, responsible for the oxidation of ' dopa ' to the red intermediate compound hallochrome, and a third enzyme which catalyses the oxidation of hallochrome through a colourless intermediate to melanin. The third enzyme, he states, is not inhibited by cyanide or by heating to 60° C, as are the other two, and is not associated with structural elements in the body. According to Danneel, filtered extracts do not cause darkening with tyrosine as a substrate, so that the monophenolase appears to be absent from them. The colours produced by the activity of extracts under different conditions and with different substrates were taken to indicate the nature of the enzymes present. But the colours produced may be to some extent dependent on the concentration of the extract and its effectiveness under the particular conditions obtaining, for Graubard (I933) found that the rate of reddening was proportional to the concentration of enzyme present, and in the present work it has been found that the colours attained by the exposed blood of larvae from different stages of development differs con siderably under the same conditions (table 1) . In general, with increasing age and therefore increasing concentration of enzyme in the blood the colours attained pass from red-brown to black. The information presented in the present work amply explains the occurrence of tyrosinase itself in the blood of fly larvae, but it is difficult to appreciate the significance the blood of larvae or pupae of enzymes catalysing the oxidation of 'dopa' and of hallochrome, since the blood does not darken in vivo.
The striking similarity between the soft white larval cuticle of (Dennell 1946) and the soft integument lining the foregut of Homarus (Yonge 1932) suggests that the crustacean and insect integuments may be more closely homologous than has hitherto been emphasized, and Pryor (19406) has pointed out the similarity between the epicuticle of insects and the cuticle of Crustacea. In the past a natural tendency has been to devote attention chiefly to the divergent characters of the integuments-the presence of a hard exocuticle in the insect and calcification in the crustacean. However, apart from the possession by both insects and Crustacea of an integument composed of two entirely distinct layers, chitinous and non-chitinous, both may possess pore canals. Pore canals in insects are well known, and in the Crustacea Braun (1875) stated that in Astacus chitin is deposited around cytoplasmic outgrowths of the epidermal cells. Huxley (1880) noted the presence of air-filled canals, probably occupied by cytoplasm during life, in dried sections of the cuticle of Astacus. More recently Hass (1916) , in a comparison of insect and crustacean cuticles, has clearly shown the presence of pore canals in Potamobius.
A further point of possible general similarity is to be considered. The results of the present work indicate that the double epicuticle may be a universal feature of the insect cuticle, whereas the 'chitin' of the crustacean integument is commonly described as being overlain by a single 'cuticle'. Before admitting this as a dis tinction between the integuments of the two classes of arthropods further investiga tion is clearly necessary, for the scanty information available indicates that the crustacean ' cuticle ' may also possess a distinctly different very thin surface layer. Hass (1916) reports that the integument of Potamobius is bounded externally by a layer (Grenzsaum) only 1 ft thick which is insoluble in concentrated acids. Beneath it lies a layer Ipt thick which is stated to be laminated and to possess But the passage referring to this second layer ('Aussenlage') is somewhat obscure, and the author comments on the difficulty of studying so thin a layer. It is not therefore clear whether pore canals are truly present in this layer. If they are not then the layer in question appears to correspond to the 'cuticle' of Homarus and to the inner epicuticle of Sarcophaga.
It may be mentioned here that Mallory-stained sections of the integument of Astacus in the author's possession possess a red-staining ' cuticle ' which in places show a thin blue bounding membrane resembling the outer epicuticle of It therefore seems highly probable that the soft white larval cuticle of the insect and the uncalcified integument of the crustacean are to be regarded as not merely broadly homologous but as showing considerable correspondence in detail, repre senting the basic structure of the arthropod exoskeleton. Secondary modifications in consonance with the environment are therefore to be looked to as explaining the differences between the typical hard integuments of the crustacean and insect. The fact that the 'cuticle' of Crustacea is secreted by special tegumental glands while the corresponding layer-The inner epicuticle-in insects is secreted by the epidermis itself is not necessarily inconsistent with this view, for the tegumental glands may readily be regarded as specialized epidermal cells which have taken up a new and less superficial position.
Little detailed information is available concerning the cuticles of other arthro pods. Browning (1942) has studied the integument of a spider, Tegenaria, in which he found no non-chitinous layer corresponding to the epicuticle of insects, no pore canals, and no evidence of the presence of lipoids or waxes. The iso-electric point of the exocuticula he found to be between pH 5-0 and 5-6, higher than that found in Homarus or Sarcophaga: that of the hard and pigmented exoc able to determine. Although further investigations into arachnid cuticles are desirable, their general resemblance to a hard insect cuticle is clear, and there seems little doubt that hardening of the exocuticle takes place in the insect manner.
A study of an insect cuticle
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